Introduction {#sec1}
============

In recent years, resting-state functional connectivity (rsFC) has been widely used to investigate network changes in normal aging (Sala-Llonch *et al*., [@ref48]), as well as age-related cognitive decline (Nashiro *et al*., [@ref41]). One of the most well-studied brain networks associated with the aging process is the default mode network (DMN; Hafkemeijer *et al*., [@ref22]).

The DMN originally referred to a set of brain regions that showed decreased neural activity during goal-oriented tasks (Fox *et al*., [@ref16]; Fair *et al*., [@ref15]; Andrews-Hanna *et al*., [@ref2]; Raichle, [@ref46]). It is generally accepted that the DMN includes the bilateral medial prefrontal cortex (mPFC), anterior and posterior cingulate cortices, precuneus, inferior parietal cortex, lateral temporal cortex and parahippocampal gyrus (Raichle and Snyder, [@ref47]). Among these regions, a set of core brain regions, including the posterior cingulate cortex (PCC) and mPFC, known as 'hubs', plays essential roles in the DMN. Investigators have found that the PCC and anterior mPFC exhibit the highest betweenness centrality within the DMN and play an integral role in the dorsal mPFC subsystem and medial temporal lobe subsystem within the DMN (Andrews-Hanna *et al*., [@ref1]). Further studies have shown that activity in the mPFC is associated with instrumental or agentic self-reflection (inward-directed), and the PCC is associated with experiential self-reflection (outward-directed; Johnson *et al*., [@ref29]).

The evidence demonstrating the role of the PCC and mPFC in the processing of cognitive, emotional, pain and other self-referential modulation have increased dramatically (Kurczek *et al*., [@ref34]; Martucci *et al*., [@ref37]; De Pisapia *et al*., [@ref13]). More recently, the literature has suggested that the DMN also plays an important and complex role in supporting cognitive function (Greicius *et al*., [@ref20]; Brewer *et al*., [@ref5]; Xu and Südhof, [@ref65]). Abnormalities of the DMN have been detected in multiple age-related diseases, such as mild cognitive impairment (MCI; Gardini *et al*., [@ref18]), Alzheimer's disease (AD; Brueggen *et al*., [@ref6]), depression (Ho *et al*., [@ref24]) and Parkinson's disease (Mohan *et al*., [@ref40]). In addition, studies have found that stress, a risk factor for MCI and AD, is associated with alterations of the DMN (Soares *et al*., [@ref51]). Taken together, these studies demonstrate the important role of the DMN in age-related cognitive impairment.

Over the past decade, a string of disappointing clinical trial results has raised concerns about our strategy of preventing the development of AD and MCI (Sperling *et al*., [@ref54]). Currently, most studies are being performed on prodromal AD and MCI. At this stage, however, the progressive neurological loss and irreversible cognitive impairment may have already occurred. The failure of treatments for MCI suggests that therapy should be applied in an earlier stage of the disease (Sperling *et al*., [@ref54]; [@ref11]). Thus, investigation of the early stage with no neuronal damage and still-sufficient functional compensation is crucial for the prevention of AD, MCI and other age-related dementia (Sperling *et al*., [@ref54]; Jessen *et al*., [@ref28]). As a result, healthy elderly adults might be the optimal stage at which to intervene with preventative therapies.

Recently, the potential of mind--body interventions in preventing age-related diseases has drawn the attention of investigators. Nevertheless, their underlying mechanisms remain unknown. Accumulating evidence suggests that the DMN may be crucial for the modulation effect of mind--body interventions. For instance, in a previous review article, (Tang *et al*., [@ref56]) suggested that self-awareness is one of the key components of mind--body exercise, suggesting the involvement of the DMN. In another study, investigators found that compared with meditation-naïve controls, experienced meditators had less activation in the main nodes of the DMN (mPFC and PCC) (Brewer *et al*., [@ref5]), further supporting the role of the DMN in mind--body exercise. In a more recent study, we found that Tai Chi Chuan can significantly enhance rsFC between the cognitive control network and the mPFC/anterior cingulate cortex(ACC), a key region in the DMN, in fibromyalgia patients (Kong *et al*., [@ref31]).

Both Tai Chi Chuan and Baduanjin are two popular mind--body exercises (Ospina *et al*., [@ref45]) that hold the potential to prevent age-related cognitive decline (Songtao, [@ref53]; Chang *et al*., [@ref9]; Kasai *et al*., [@ref30]; Lam *et al*., [@ref35]; Solloway *et al*., [@ref52]; Sungkarat *et al*., [@ref55]). Yet, the characteristics of these two interventions differ significantly, and the neural circuits through which these mind--body interventions achieve efficacy remain unclear. In this study, we investigated how Tai Chi Chuan and Baduanjin exercises modulate the rsFC of the DMN in older adults, and we explored the association with memory function changes. We hypothesized that 12 weeks of Tai Chi Chuan and Baduanjin exercise would modulate the rsFC of the DMN through different pathways due to the exercises' differing characteristics.

Materials and methods {#sec2}
=====================

This study was registered at the Chinese Clinical Trial Registry Center (ChiCTR-IPR-15006131). The full details of the study are reported in previous studies (Tao *et al.*, [@ref60], [@ref57], [@ref58], [@ref59]), in which we investigated rsFC changes of the hippocampus and dorsal lateral prefrontal cortex, fractional amplitude of low-frequency fluctuations and brain structure changes following Tai Chi Chuan and Baduanjin practice. In this exploratory study, we focused on the modulation effect of 12 weeks of Tai Chi Chuan and Baduanjin exercise on the rsFC of the DMN in older adults, which has not been previously published.

Healthy, right-handed subjects (50--70 years old) who had not regularly participated in physical exercise for at least 1 year and had no history of psychiatric conditions were recruited in the Gulou District, Fuzhou City, China. The minimum standard for regular physical exercise is considered to be 3 months with a frequency of 3--4 times per week and 30 min per session. Participants who had a history of stroke, any cerebrovascular/musculoskeletal system/sports injury-related contraindications or cognitive screening scores \<24 on the Mini-Mental State Exam or ≥14 on the Beck Depression Inventory were excluded. To avoid the potential cross-practice between the two exercises, two cohorts of older adults from the same community were recruited independently. Participants in one cohort were randomized to the Tai Chi Chuan or control group, and those in the other cohort were randomized to the Baduanjin or control group. The two cohorts started and ended at the same time. At the end of the study, we combined the two cohorts for data analysis (Tai Chi Chuan group, Baduanjin group and control group). Please see our previous publications for more details on recruitment, intervention and data acquisition (Tao *et al*., [@ref60], [@ref57], [@ref58], [@ref59]). This study was approved by the Medical Ethics Committee at the Affiliated Rehabilitation Hospital of Fujian University of Traditional Chinese Medicine. All participants signed consent forms.

Both Tai Chi Chuan, based on Yang style 24 form (China National Sports Commission, [@ref12]), and Baduanjin exercises, based on 'Health Qigong----Baduanjin' recommendations published by the General Administration of Sport in China (Health Qigong Management Center of General Administration of Sport of China, [@ref23]), took place for 60 min per session, 5 times per week for 12 weeks. Every session included a sequence of 10 min of warm-up, 30 min of exercises, 10 min of breathing techniques and 10 min of relaxation. The control group received basic health education at the beginning of the experiment (Hughes *et al*., [@ref25]), and subjects in this group were asked to maintain their original physical activity habits during the 12-week period. Two professional instructors from the Fujian University of Traditional Chinese Medicine with more than 5 years of training experience lead the Tai Chi Chuan and Baduanjin training. In addition, two other staff members supervised the training procedure to guarantee the quality of the research.

In the study, we used the Wechsler Memory Scale-Chinese Revision (WMS-CR), a Chinese version of the WMS by Gong and Wang, [@ref19], to assess memory function before and after the interventions. The WMS-CR includes 10 items and primarily tests long-term memory, short-term memory and transient memory. Based on the WMS-CR manual, memory quotient (MQ) were calculated as the total raw scores adjusted for age in a standardization sample.

Resting-state images were acquired at baseline and at the end of the 12-week intervention on a 3.0 T magnetic resonance scanner (MRI; General Electric Signa HDxt, USA). Resting-state fMRI data were acquired with TR = 2100 ms, TE = 30 ms, flip angle = 90 degrees, slice thickness = 3 mm, gap = 0.6 mm, acquisition matrix = 64 × 64, voxel size = 3.125 × 3.125 × 3.6 mm^3^, 42 axial slices, FOV = 200 × 200 mm and 160 time points. The T1-weighted images were also collected with parameters Echo time (TE) = min, flip angle = 15 degrees, slice thickness = 1 mm, field of view = 240 mm and 164 contiguous slices. Subjects were required to stay awake with their eyes closed and ears plugged during the MRI scan.

Statistical analysis {#sec3}
====================

Behavioral data analysis {#sec4}
------------------------

SPSS 18.0 software (SPSS Inc., Chicago, IL, USA) was used for the behavioral data analysis. Analysis of covariance (ANCOVA) was applied to compare changes in MQ and WMS-CR subscores across the three groups with age (years), gender and education (years) as covariates. *Post hoc* analysis (Bonferroni correction) was applied to explore the between-group differences.

Seed-to-voxel correlational analyses {#sec5}
------------------------------------

Seed-to-voxel correlational analyses were carried out in MATLAB by applying the functional connectivity (CONN) toolbox v17.C (<http://www.nitrc.org/projects/conn>). The image pre-processing and first-level correlation maps were produced using methods similar to our previous study (Wang *et al*., [@ref64]). For more details, please see our [Supplementary Material](#sup1){ref-type="supplementary-material"}.

We used two core subregions of the DMN as seeds: the PCC (Tal peak coordinate: −2, −36, 37, sphere with 6 mm radius, [Figure 1A_1](#f1){ref-type="fig"}) and mPFC (Tal peak coordinate: 1, 54, 21, sphere with 6 mm radius, [Figure 1B_1](#f1){ref-type="fig"}). The coordinates of the two seeds were derived from a previous study by (Fox *et al*., [@ref16]). Age was included in the analysis as a covariate of non-interest. Group analysis was applied with a random effects model. To explore the association between clinical outcomes and rsFC, we also performed multiple regression analyses using the PCC and mPFC as seeds in all subjects and WMS-CR MQ and visual reproduction subscore at baseline. A threshold of voxel-wise *P* \< 0.005 uncorrected and cluster-level *P* \< 0.05 false discovery rate corrected were used for the seed-to-voxel analyses.

![Results of DMN rsFC. [Figure 1A_1](#f1){ref-type="fig"}, location of seed of PCC; [Figure 1A_2](#f1){ref-type="fig"} and [1A_3](#f1){ref-type="fig"}, significant rsFC changes between the PCC and right putamen/caudate in the Tai Chi Chuan group compared to the control group; [Figure 1A_4](#f1){ref-type="fig"}, multiple regression analyses showed significant positive correlation between PCC and bilateral anterior insula/putamen/operculum rsFC and baseline MQ score across all subjects adjusted for age; [Figure 1A_5](#f1){ref-type="fig"}, scatter plots indicate the correlation between MQ and mean *Z*-values in the right putamen/insula cluster (the blue circles of [Figure 1A_4](#f1){ref-type="fig"}) adjusted for age. [Figure 1B_1](#f1){ref-type="fig"}, location of the seed of mPFC; [Figure 1B_2](#f1){ref-type="fig"} and [1B_3](#f1){ref-type="fig"}, significant rsFC changes in the Baduanjin group compared to the control group using the mPFC as a seed; [Figure 1B_4](#f1){ref-type="fig"}, the overlapping (the blue circles: right orbital prefrontal gyrus) brain region between significant rsFC changes in the control group compared to the Baduanjin group using the mPFC as a seed (red) and multiple regression analyses showing significant negative correlations between mPFC rsFC and visual reproduction subscores (yellow); [Figure 1B_5](#f1){ref-type="fig"}, scatter plots indicate the correlation between visual reproduction subscores and mean *Z*-values in the right orbital prefrontal cluster (the blue circles in the [Figure 1B_4](#f1){ref-type="fig"}) adjusted for age; R, right.](nsz001f1){#f1}

Results {#sec6}
=======

There were no significant differences in the demographic data at baseline across the three groups (see our [Supplementary Material](#sup1){ref-type="supplementary-material"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"} for details). ANCOVA analysis revealed a significant difference in MQ among the three groups before and after treatment (F = 25.94, *P* \< 0.001). *Post hoc* analysis (Bonferroni correction) showed that compared with the control group, MQ scores significantly increased in the Tai Chi Chuan and Baduanjin groups (Tai Chi Chuan, *P* \< 0.001; Baduanjin, *P* \< 0.001). No significant difference was found between the Tai Chi Chuan and Baduanjin groups (*P* = 0.238). ANCOVA analysis on WMS-CR subscores showed that both Tai Chi Chuan and Baduanjin significantly increased visual reproduction subscores compared to the control group. Baduanjin also produced greater improvements in mental control, recognition, touch and comprehension memory subscores compared to the control group and improvements in touch subscores compared to the Tai Chi Chuan group (Bonferroni correction, *P* \< 0.0063; [Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

PCC rsFC results {#sec7}
----------------

We found an increased rsFC between the PCC and right putamen/caudate after 12 weeks of Tai Chi Chuan practice compared to the control group ([Table 1](#TB1){ref-type="table"}; [Figure 1A_2](#f1){ref-type="fig"} and [1A_3](#f1){ref-type="fig"}). There was no other significant group difference above the threshold we set.

###### 

Regions showing significant functional connectivity changes with the DMN (R, right; L, left; ACC, anterior cingulate cortex)

  Seed                                Cluster size                     Brain regions                                      *Z*-value   MNI coordinate (mm)        
  ------ ---------------------------- -------------------------------- -------------------------------------------------- ----------- --------------------- ---- -----
  PCC    Tai Chi Chuan \> Control     518                              R putamen/caudate                                  4.13        16                    −6   12
         Control \> Tai Chi Chuan     No regions above the threshold                                                                                             
         Baduanjin \> Control         No regions above the threshold                                                                                             
         Control \> Baduanjin         No regions above the threshold                                                                                             
         Tai Chi Chuan \> Baduanjin   No regions above the threshold                                                                                             
         Baduanjin \> Tai Chi Chuan   No regions above the threshold                                                                                             
  mPFC   Tai Chi Chuan \> Control     649                              R temporal pole/middle & inferior temporal gyrus   4.18        60                    −6   −28
         Control \> Tai Chi Chuan     No regions above the threshold                                                                                             
         Baduanjin \> Control         No regions above the threshold                                                                                             
         Control \> Baduanjin         1865                             R orbital prefrontal gyrus                         4.36        24                    34   −22
         R medial frontal gyrus       3.51                             28                                                 48          16                         
         R putamen                    3.61                             22                                                 4           −2                         
         R anterior insula            3.23                             42                                                 −2          10                         
         753                          L ACC                            3.46                                               −8          30                    20   
         L anterior insula            3.06                             −34                                                20          6                          
         R caudate                    3.00                             8                                                  16          6                          
         539                          R supramarginal gyrus            3.52                                               44          −32                   50   
         Tai Chi Chuan \> Baduanjin   808                              R putamen                                          3.83        22                    4    −2
         R caudate                    3.22                             14                                                 20          −4                         
         Baduanjin \> Tai Chi Chuan   No regions above the threshold                                                                                             

Since both the Tai Chi Chuan and Baduanjin groups produced greater improvements in MQ and visual reproduction subscores compared to the control group, we also applied a multiple regression analysis using the two measurements separately across all subjects at baseline to explore the association between the measurements and PCC rsFC. We found a significant positive association between the baseline MQ and the PCC rsFC at the bilateral anterior insula/putamen/operculum ([Table 2](#TB2){ref-type="table"}; [Figure 1A_4](#f1){ref-type="fig"} and [1A_5](#f1){ref-type="fig"}) and a negative association between the baseline MQ and the PCC rsFC at the right middle and superior temporal gyrus/fusiform gyrus, bilateral posterior rostral medial prefrontal gyrus, right orbital prefrontal gyrus and bilateral precuneus/left posterior cingulate gyrus. No significant association was observed between the baseline visual reproduction subscores and the PCC rsFC at baseline.

###### 

Regions showing significant correlations with the MQ and visual reproduction subscores at baseline across all subjects (R, right; L, left)

  Seed                          Contrast                                              Cluster size                                        Brain regions                       Z-value                               MNI coordinates (mm)              
  ----------------------------- ----------------------------------------------------- --------------------------------------------------- ----------------------------------- ------------------------------------- ---------------------- ----- ---- ----
  PCC                           MQ                                                    positive                                            681                                 L anterior insula/putamen/operculum   3.98                   −28   22   −4
  478                           R anterior insula/putamen/operculum                   3.65                                                30                                  26                                    6                                 
  negative                      628                                                   R middle & superior temporal gyrus/fusiform gyrus   4.28                                60                                    0                      −20        
  926                           Bilateral posterior rostral medial prefrontal gyrus   4.14                                                0                                   62                                    28                                
  868                           R orbital prefrontal gyrus                            4.00                                                12                                  62                                    −12                               
  1237                          Bilateral precuneus                                   3.79                                                4                                   −52                                   14                                
  L posterior cingulate gyrus   3.60                                                  −4                                                  −38                                 36                                                                      
  Visual reproduction           positive                                              No regions above the threshold                                                                                                                                  
  negative                      No regions above the threshold                                                                                                                                                                                        
  mPFC                          MQ                                                    positive                                            No regions above the threshold                                                                              
  negative                      556                                                   R angular gyrus                                     3.78                                38                                    −68                    38         
  Visual reproduction           positive                                              1746                                                L inferior & medial frontal gyrus   3.69                                  −54                    10    12   
  L anterior insula             3.08                                                  −28                                                 24                                  −2                                                                      
  831                           R medial & inferior frontal gyrus                     3.72                                                50                                  30                                    26                                
  R anterior insula             3.34                                                  36                                                  22                                  2                                                                       
  501                           L supramarginal gyrus/parietal operculum              3.10                                                −60                                 −48                                   18                                
  negative                      519                                                   R angular gyrus                                     3.37                                48                                    −58                    32         
  421                           R orbital prefrontal gyrus                            3.80                                                12                                  62                                    −2                                
  809                           Bilateral precuneus/posterior cingulate gyrus         3.54                                                12                                  −50                                   24                                

We also explored the association between the pre- and post-treatment behavioral measurements and corresponding PCC rsFC changes (MQ and visual reproduction subscores) in the Tai Chi Chuan and Baduanjin groups separately and found no significant association at the threshold we set. When we applied a less conservative threshold of voxel-wise *P* \< 0.005 uncorrected with 20 continuous voxels, there was still no significant finding.

mPFC rsFC results {#sec8}
-----------------

We found an increased rsFC between the mPFC and right temporal pole/middle and inferior temporal gyrus in the Tai Chi Chuan group compared with the control group ([Table 1](#TB1){ref-type="table"}). We also found a significantly decreased rsFC between the mPFC and right orbital prefrontal gyrus, right medial frontal gyrus, right putamen, right anterior insula, left ACC,left anterior isula, right caudate and right supramarginal gyrus in the Baduanjin group compared to the control group ([Table 1](#TB1){ref-type="table"}, [Figure 1B_1](#f1){ref-type="fig"} and [1B_2](#f1){ref-type="fig"}). The direct comparison between the two mind--body interventions revealed that Tai Chi Chuan was significantly associated with increased rsFC between the mPFC and right putamen/caudate compared with the Baduanjin group.

A multiple regression analysis revealed a negative correlation ([Table 2](#TB2){ref-type="table"}) between (i) the baseline MQ and mPFC rsFC with the right angular gyrus and (ii) the baseline visual reproduction subscore and mPFC rsFC with the right angular, right orbital prefrontal gyrus and bilateral precuneus/posterior cingulate gyrus. A positive association between the visual reproduction subscore and mPFC rsFC with left inferior and medial frontal gyrus, left anterior insula, right medial and inferior frontal gyrus, right anterior insula, and left supramarginal gyrus/parietal operculum was also observed.

Interestingly, we found that the association analysis (between the baseline visual production and mPFC rsFC) and the mPFC rsFC pre- and post-treatment differences between the Baduanjin and control groups overlapped at the right orbital prefrontal gyrus ([Figure 1B_4](#f1){ref-type="fig"} and [1B_5](#f1){ref-type="fig"}).

We also explored the association between the pre- and post-treatment behavioral measurements and mPFC rsFC changes in Tai Chi and Baduanjin groups separately and found no significant association at the threshold we set. However, at a lower threshold (a threshold of voxel-wise *P* \< 0.005 uncorrected with 20 continous voxels), we found a positive association between the change in MQ/visual reproduction and the change in rsFC of the right temporal pole mPFC after Tai Chi training using multiple whole-brain regression analyses adjusted for age (visual reproduction regression: cluster, 42; peak *T*-value, 3.45; and MNI coordinate, 46, 10, −44; MQ regression: cluster, 302; peak *T*-value, 4.86; and MNI coordinate, 48, 10, −44).

Discussion {#sec9}
==========

In this study, we investigated the modulation effect of Tai Chi Chuan and Baduanjin on the DMN using the PCC and mPFC as seeds. We found that compared to the control group, (i) Tai Chi Chuan increased rsFC between the PCC and right putamen/caudate, while Baduanjin decreased rsFC between the mPFC and right orbital prefrontal gyrus, right putamen and left anterior cingulate gyrus; compared to the Baduanjin group, Tai Chi Chuan produced greater mPFC rsFC at the right putamen/caudate; (ii) both the Tai Chi Chuan and Baduanjin groups demonstrated increased MQ and visual reproduction subscores of the WMS-CR. Baseline rsFC between the mPFC and right orbital prefrontal gyrus was negatively correlated with visual reproduction subscores, and the strength of this rsFC was decreased in the Baduanjin group after 12 weeks of exercise compared to the control group.

A recent study reported that the DMN is associated with a wide range of cognitive tasks, particularly prospective memory (Raichle, [@ref46]). Vatansever *et al*., [@ref63] reported that the whole-brain connectivity of the DMN's core hubs (i.e. the PCC and mPFC) changes across three levels of n-back tasks, suggesting the involvement of the DMN in working memory. The PCC and mPFC are two core subdivisions of the DMN (Koshino *et al*., [@ref33]). The PCC plays a crucial role in memory function and has strong interconnections with other memory-related structures, such as the parahippocampal formation in subserving episodic memory retrieval (Torta and Cauda, [@ref62]; Shapira-Lichter *et al*., [@ref50]). A previous study suggests that age-related memory decline in older adults is associated with decreased connectivity between the PCC and parietal regions (Bernard *et al*., [@ref3]). In addition, the mPFC also plays an important role in the retrieval of long-term memories and the consolidation of a wide range of memories (Euston *et al*., [@ref14]). Lesion studies highlight the critical roles of the mPFC in memory integration, which involves combining information acquired from different events (Koscik and Tranel, [@ref32]).

In the present study, we found altered rsFC in brain regions with PCC and mPFC after mind--body exercises (Tai Chi Chuan and Baduanjin). A review conducted by (Tang *et al*., [@ref56]) suggested that different types and forms of meditation, such as Tai Chi and Qigong, include the three most important components (self-awareness, attention control and emotion regulation) to constitute the self-regulation process. A study by Saunders *et al*., ([@ref49]) showed that for first year medical students, mind--body skills course can promote their self-awareness and reflection.

Tai Chi Chuan is a complex exercise and requires the practitioners to perform spiral movements of the extremities with delicate control. Furthermore, bodyweight shifting, body rotation and single-leg standing in different postures are practiced repeatedly (Lan *et al*., [@ref36]; [@ref26]). We found increased rsFC between the putamen/caudate and PCC in the Tai Chi Chuan group compared to the control group. The putamen and caudate were also positively correlated with changes in MQ scores, which represent the total subscores of WMS-CR adjusted for age (Butters *et al*., [@ref7]). This result is consistent with a previous study in which the authors found that mindfulness exercises could modulate brain functions by enhancing intrinsic activities of the putamen and caudate (Tang *et al*., [@ref56]). Our findings are also in line with another study that found that MQ scores are positively associated with the average degree, global efficiency and local efficiency of the DMN in young, healthy subjects (Tao *et al*., [@ref61]).

Both the putamen and caudate are involved in movement control and regulation. In addition, these two regions play a key role in memory processing. The literature suggests that the putamen is involved in maintaining the memory of stimuli across a delay (Janes *et al*., [@ref27]) and during the working memory encoding phase (Cairo *et al*., [@ref8]). A previous study found that D2 dopamine receptor levels in the caudate were positively associated with episodic memory and that high memory performance was characterized by increased functional connectivity between the caudate and hippocampus (Nyberg *et al*., [@ref43]).

In addition, both animal (Olson *et al*., [@ref44]) and human (Ng *et al*., [@ref42]) studies have demonstrated the indispensable role of the medial temporal pole in memory processing. Our present study showed an increased rsFC between the mPFC and temporal pole after 12 weeks of Tai Chi Chuan exercise, implying that Tai Chi Chuan may prevent memory decline by strengthening the connection between the DMN and memory-related networks, such as the putamen/caudate and temporal pole.

Baduanjin, another mind--body exercise, consists of eight simple movements and focuses on increasing flexibility and strengthening muscles and tendons. Previous studies suggest that stretching may impact the plasticity of connective tissue, which may produce anti-inflammatory effects (Berrueta *et al*., [@ref4]). We found that baseline rsFC between the mPFC and orbital prefrontal gyrus was negatively correlated with visual reproduction subscores, and the strength of this rsFC was decreased in the Baduanjin group after 12 weeks of exercise compared to the control group. The visual reproduction test is a non**-**verbal visuospatial memory task in the WMS-CR that examines the spatial immediate memory and delayed recall function and is consistently and strongly associated with age-related memory decline (McCarty *et al*., [@ref38]; Haaland *et al*., [@ref21]). Frey and Petrides, [@ref17] found that the orbitofrontal cortex is a critical frontal region for memory information processes. (McCormick *et al*., [@ref39]) found altered visuospatial memory capacity associated with different parts of the DMN in patients with unilateral medial temporal lobe epilepsy. Taken together, our results suggest that Baduanjin may prevent memory decline by decreasing the rsFC between the mPFC and orbital prefrontal gyrus.

We also found that Tai Chi Chuan produced increased rsFC between the mPFC and right putamen/caudate in the Tai Chi Chuan group compared with the Baduanjin group, suggesting that although both Tai Chi Chuan and Baduanjin can improve memory performance, the two may do so through different neural mechanisms. We speculate that these differences may be due to the different characteristics of the two mind--body interventions. Compared with Baduanjin, Tai Chi Chuan involves much more complicated postures and movement learning. Both the putamen and caudate are key regions in the basal ganglia (Olson *et al*., [@ref44]), which is responsible for controlling motor learning (Nyberg *et al*., [@ref43]), specifying amplitudes of movement (Olson *et al*., [@ref44]), movement sequences (Ng *et al*., [@ref42]) and complex movements requiring sequential rhythm (Haaland *et al*., [@ref21]). We thus believe that the increased rsFC between the mPFC and putamen in the Tai Chi Chuan group may reflect the increased complexity of Tai Chi Chuan compared to Baduanjin exercise.

There are several limitations in the present study. First, 12 weeks of exercise is a relatively short duration. Therefore, the long-term effects of Tai Chi Chuan and Baduanjin need to be studied further. In addition, both Tai Chi Chuan and Baduanjin are mind--body interventions (Chen *et al*., [@ref10]), thus we cannot separate the role of physical activity from the mental component in memory improvement and rsFC changes. Further studies should compare the effects of physical exercise *vs* meditation on memory improvement. Finally, the sample size in our study is relatively small, and future studies with a larger sample size are needed to replicate our findings.

Conclusion {#sec10}
==========

We found that Tai Chi Chuan and Baduanjin significantly modulate the rsFC of the DMN through different pathways. Elucidating how various mind--body interventions can modulate the DMN may shed light on the development of new interventions to prevent age-related disorders such as MCI and AD, as well as other diseases associated with a disrupted DMN.
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